Isofemale lines of two populations of Drosophilu melunoguster, originating from France and Tanzania, were examined over a range of temperatures. Morphological traits showed distinct patterns in phenotypic plasticity; flies of the two populations differed in shape.
Introduction

Drosophilas
are generally smaller at higher temperatures. Both phenotype and environment contribute to size differences. Flies from one population or one genotype display phenotypic differences over environments, i.e., traits show phenotypic plasticity (Woltereck, 1909; Johannsen, 1911) . The set of phenotypes produced by one genotype when exposed to different environmental conditions is the * Author for correspondence.
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reaction norm of that genotype (Woltereck, 1909) . Phcnotypic plasticity itself might differ between genotypes and, as a consequence, between populations (David et al., 1994; James and Partridge, 1995; James et al., 1995) .
Two patterns of reaction norms have to be distinguished: I) Reaction norms of distinct genotypes are parallel over an environmental range. The genetic variation in the trait is constant over the various cnvironmcnts.
2) Reaction norms are not parallel. The differences between the genotypes change and the genotypes possibly even reverse their order. In this case there is Genotype-by-Environment (G*E) interaction, and variation in additive genetic variance (V,,) over environments (Falconer, 1989) .
When the allelic effects contributing to any two traits are linear functions of the environmental factors, and G*E interactions arc present. the additive genetic variances of traits become quadratic functions of the environmental variable (de Jong, 1990; Scheiner, 1993) . Similarly, the additive genetic covariance between two traits, e.g., thorax length and wing length, will be a quadratic function of the environmental variable (de Jong, 1990) .
In de Jong's model (1989, 1990 ) the lowest V,,'s are obtained around the predominant values of the environmental variable. There, the stabilizing selection pressure on the trait is strongest: it will be the point where the reaction norms will cross. However, if many environments are equally present, selection on the slopes of the reaction norms will prevail, resulting in parallel reaction norms.
In the experiment described in this paper. isofemale lines of two populations of IIvo~pl~il~~ nwlunogmstc~r, one originating from France and one from Tanzania, are compared. With the isofemale technique it is possible to estimate the genetic and environmental variance in populations and to estimate 'coefficients of intraclass correlations ' (Hoffmann and Parsons, 1988; David et al., 1994) . lsofemale lines of both populations will be raised over a range of temperatures and several characters will be measured. The following questions will be posed: ~ Is phenotypic plasticity present and if so, are some traits more plastic than others? ~ Does plasticity differ between the two populations?
Is genetic variation in phenotypic plasticity found in the two populations as evidenced by G*E interactions? -Are patterns in the genetic variance and genetic covariance over environments discernable, and can our experimental data be connected with the models by de Jong (1989, 1990, 1995) '~ Will insight be obtained into selection acting on phenotypic plasticity? Twentyfour isofemale lines were used from a wild population of Drosophilu rnrluno~u.rtrr from Nijengezi (Tanzania), and 24 isofemale lines from a suburban population of l3~sophil~ nwlrmogustrr in Montpellier (France). All lines were caught in the fall of 1990. The flies from Tanzania were collcctcd on a mountain near Nijengezi. The average 24 hours' temperature there reaches a minimum of 21.5 C in July, and a maximum of 25.3 C in October, with a year-average of 22.7 C (data Royal Dutch Meteorological Institute, KNMI). The French flies come from the south of France, where they can be subject to very sudden temperature changes. The average 24 hours' temperature, varies between 5.9 'C in January, and 23. I C in July, with a year-average of 13.9 ' C (data KNMT). All isofemale lines were kept at 17.5 C on 30 ml of a standard cornmeal medium ( I3 g agar, 20 g yeast-powder, 60 g cornmeal, 80 g sugar and I mg nipagine in 1000 cc H?O).
Flies ovipositcd for 8 hours in empty jars covered with watch glasses containing about 4 ml of a 2% agar-medium and a drop of a thick yeast suspension after a "prc-laying" period of two hours, to eliminate retained eggs. Eggs (40 per vial) were reared in glass vials containing 5 ml standard cornmeal medium.
Flies were reared at 17.5 C, 20 C, 22.5 C. 25 C and 27.5 C. The experiment was divided into two parts: in part I flies were cultured at 17.5 C, 22.5 C and 27.5 C; in part II at 20 C and 25 'C. Two replicate vials per temperature were used for all isofemale lines.
Three males and three females from each vial of each isofemale lint and all temperatures were measured with a binocular (Zeiss, STEM1 SV8) (magnification 40 x ) extended with a LaSICO ocular filar and a S-4A autoprocessor for automatic data collection (in Angstrom).
The measured traits are indicated in Fig. I . The following ratios are used: I) wing length to thorax length (trait f/trait c); 2) distance of head bristles to head length (trait b/trait a); 3) distance dorsocentral thorax bristles to thorax length (trait d/trait c) and 4) distance scutellar bristles to thorax length (trait e/trait c).
All statistical computations were done with SPSS 5.0.1. Estimations of the different variance and covariance components were made with a Turbo Pascal program. ANOVA's were performed per geographical area and sex to analyze whether reaction norms of the characters show linear temperature effects (Box 14.4, Sokal and Rohlf, 1981) . If so, regression lines were drawn through each reaction norm. Differences in slopes between regression lines of the geographical areas were tested, comparing one character at the time. If no significant difference in slope was found, variation in height of the regression lines was checked with a nested ANCOVA over temperatures per sex to investigate whether there was a significant geographic ctTect.
'Isofemale line heritabilities', additive genetic variances and additive genetic covariances were calculated, using oneway ANOVA's separately for each combination of temperature, character, and sex (Hoffmann and Parsons, 1988; Falconer, 1989; David et al., 1994) . The absence of dominance and epistasis was assumed for the calculation of the 'isofemale line heritabilities' in the measured body size characters (Falconer, 1989, pp. 341) .
To test for significant G*E interactions ANOVA's per sex per population were done.
Phenotypic plasticity in morphological traits in two populations of Dro.rq~hiltr rnrk~rrojirr.~rcr x3.5
A Principal Component Analysis (PCA) was performed for all traits and for each sex population combination, in order to determine whether it was possible to classify the explained variation in terms of "size" and "shape".
Results
Each trait shows a specific shape of norm of reaction (Fig. 2) . Characters related to the head are fairly constant across temperatures, but lower at 27.5 C, while the other traits decline consistently with increasing temperature. In Table 1 differences between slopes of the reaction norms and differences between heights of the reaction norms of each measured character are compared between the two population.
Wing length, head length and distance between anterior and posterior scutellar bristles show consistent differences between the populations over all temperatures ( Fig. 2A, C, F) . Head lengths, thorax lengths and wing lengths are significantly smaller in the Tanzanian flies than in the France population (Table 1 , Fig. 2A, B, C) .
The extent of plasticity of the head length, the thorax length, and the wing length difrers in both populations. A 2.5% decrease is found in head length with increasing Phcnotypic plasticity in morphological traits in two populations of Lk~pllilcr r~/rmo~us/c~r temperature (over the total temperature range), for thorax length the decrease roughly appears to be 5%, while a 12.5% decrease for wing length is found. The bristle distance on the head and the bristle distance on the thorax show no significant differences in both sexes between the two populations (Fig. 2D , E, F, Table 1 ). The distance between the scutellar bristles is significantly greater in the Tanzania population, in both sexes.
Geneva1 size and shupr und principal component analysis Four ratios were calculated for each fly, representing relative size. The fairly constant head-ratio over temperatures in the flies of the Tanzania population (Fig.  3A) shows that head length and head bristle distance decrease proportionally with increasing temperature. The same ratio is much less stable over temperatures in the French flies. This implies a difference in head shape, and thus in head development during pupation between French and Tanzanian flies. A similar shape difference between the two populations is found in the ratios of thorax bristle distance to total thorax length, and the ratios of scutellar bristle distance to total thorax length (Fig.  38, C) .
The ratios of thorax bristle distance to thorax length, and the ratios of wing length to thorax length (Fig. 3B, D) show a similar decreasing pattern with increasing temperature in both populations.
Principal component analyses ( PCA's) on the six measured traits extract only one principal component (PC) in the Tanzania population, whereas two PC's in the French population (Fig. 4) . All morphological variation can be regarded as a size change in the Tanzania population, while both a size difference and a shape ditl'erence can be observed in the France population. Since the PCA is done over all isofcmale lines and temperatures it reflects mostly the influence of temperature.
The distances related to bristles are more variable than the head length, the thorax length and the wing length ( Table 2 ). The intraclass correlation (i.c.) Table 3 . In the France population Cc's in both sexes are highest for wing length and thorax length. However, the i.c.'s for wing length in the Tanzania population are even higher.
Returning to the predictions about patterns of genetic variance and covariance as formulated by de Jong (1990) first the statistical significance of G*E interactions in both populations for all traits and both sexes are considered (Table 4 ) to see whether any genetic variation in phenotypic plasticity exists. In the France population hardly any G*E interactions are observed and no predictions will be made in terms of the variance and covariance patterns. However, many G*E interactions are found in the Tanzania population. The thorax length and the wing length of the females of the Tanzania population will be used as an illustration of the theory. Fig.  2B showed the (more or less) linear reaction norm of the thorax length; the V,,-function is expected to be a quadratic function, with a minimum value around the most prevalent natural temperature of the population. The same prediction is made for wing length. According to the theory, the Cov, will be quadratic also. In Fig. 5 (A, B) quadratic fits of the additive genetic variances over enviroments are shown, in Fig. 5C the covariance. The shapes of the curves are in accordance with the theory. All three minima are around 24 ^C in both sexes. Three patterns can be distinguished in the V,,'s of the morphological traits: 1) no pattern exists in V,, or Cov,. This is revealed in the V,,'s of head length and head bristle distance in both populations and sexes; 2) a more or less constant V,, over temperatures is found, with one extremely high value at one of the extreme temperatures ( 17.5 C or 27.5 'C). In the France population this is observed in the thorax length, thorax bristle distance, and scutellar bristle distance, in both sexes at 27.5 "C. Flies from Tanzania reveal this phenomenon only in thorax bristle distance and scutellar bristle distance, at 17.5 'C. The Cov, between 'real length' characters and bristle characters show little pattern; 3) quadratic VA's over environmcnts arc found in wing length of the male flies from France, and thorax length and wing length in both sexes in the Tanzania population. The minima of the curves are around 24 C. Also a quadratic Cov, is found between wing length and thorax length, with a minimum around 24 'C. The environmental variance (V,) shows no pattern and the Cov, is constant and approximately 0 over environments.
Discussion
The main purpose of the experiments was to examine the existence and pattern of phenotypic plasticity in diffcrcnt populations of Drosoplzilt~ nwlurzoga.ster.
Phenotypic plasticity exists in many morphological characters. All reaction norms reveal a trait-specific pattern in both sexes and both populations (Fig. 3) . Plasticity patterns are developmentally determined and quite specific per trait. Overall, flies from the Tanzania population are smaller than those of the France population. This is in accordance with most comparisons of body size of flies between populations from temperate versus tropical regions (David et al., 1977; Coyne and Beecham, 1987; James et al., 1995) .
A general type of plasticity seems to exist for each trait. Nevertheless, some distinctions can be made between the shapes of the flies of the two populations, by comparing 'real-length characters' (head length, thorax length, and wing length) with 'bristle-distance characters': First, 'real-length characters' are smaller in the Tanzanian flies than in those of France. The same is not true for the 'bristle-distance characters'. The various ratios show different patterns in head length versus head bristle distance, and in thorax length versus scutcllar bristle distance in the two populations. Second, in Tanzanian flies all morphological variation can be regarded as a size change, while both size and shape differences are present in the France population, as is confirmed by PCA.
Genetic vaviancc in phenotypic plasticity
Interestingly, the genetic basis of plasticity differs between the two populations. Hardly any G*E interactions are found in the France population, whereas many are found in the Tanzania population (Table 4) . Inbreeding or thermal adaptations of the two populations after introduction into the laboratory must be excluded as cause of the G*E interactions, because all flies were caught at approximately the same moment. They were kept at similar conditions until the start of the experiments. The absence of significant G*E interactions in the France population is unlikely to be the consequence of a lack of statistical power, as 24 isofemalc lines were used. Considering one trait at the time, the slopes of the reaction norms of the isofemale lines of the France population are similar. Probably, selection towards an optimal slope over a broad temperature range has taken place (David et al., 1994) leading to an optimal size over a broad range. Flies from France are able to modify their development quite easily as an adaptive response to an environment with varying temperatures.
In the Tanzania population many G*E interactions are found. The coinciding minima of VA in wing length and thorax length indicate that the Tanzania population has been selected under a more narrow temperature range, and that the selection temperature probably has been around 24 'C. If other temperatures were less frequently experienced, selection would have been less intense at these other temperatures. It is to be expected that the genetic variance will be larger at those temperatures.
Puttrrns of' udditive genetic variclncc
Three difrerent scenarios can be proposed for the patterns of additive genetic variance (VA), regardless of the presence or absence of G*E interactions: First, V,, across temperatures shows no trend at all. This seems to be the case with the V,,'s in head length and head bristle distance, in both populations and sexes. Second, an almost constant V,., over environments is found, with just one very high v,,-value, at one of the extreme temperatures. Temperatures rarely occurring in the natural populations seem to result in sub-optimal phenotypic values in certain traits, with a correspondingly higher VA. The very low temperatures are hardly experienced by the Tanzania population, wherease in France extreme high temperatures are more rarely encountered.
Similar aspects can be found in the data of Drosphilu stocks with different types of anal papillae (te Velde, 1985; te Velde and Scharloo, 19X8; Scharloo, 1989) . When exposed to various salt media the reaction norms for osmotic pressure of a stock with normal papillae and a stock with less active papillae coincide at a region of iso-osmotic salt concentrations of the hemolymph. Reaction norms of viability crossed at this same point. Since the crossing-point of the reaction norms was at the iso-osmotic value, genetic variation between the lines was lowest at the iso-osmotic point. It is a reasonable inference that at this point selection has been the most frequent. The data of the anal papillae link also to the last observed pattern, namely of quadratic VA's across environments (de Jong, 1990 ). In the France population such a pattern is found only in the wing length of the malt flies, with a minimum at about 22.5 C. In the Tanzania population the quadratic pattern is observed in both thorax length and wing length in both sexes. Also a quadratic Cov, is found between those two characters (Fig. 5) . The minima of VA of thorax length and of wing length across temperatures occur around 24 C, and so does the minimum of the Cov, between these two traits.
The flies from Tanzania experience higher and more constant temperatures (of k 22.7 ' C) than those from France (See Matuiu/ unrl nwthods, data KNMI). The general variation across temperatures in the France and Tanzania populations suggests a selective interpretation of the norms of reaction: In the France population very few G*E interactions were found in the morphological traits. Selection has been towards a more optimal slope (cf. David et al., 1994) . The existence of many G*E interactions in the Tanzania population indicates that no selection has been present on the slope, i.c., that temperature variation during selection was not important. The fact that the minima of V,, are consistently found at 24 C suggests that 24 C is the temperature at which lines are selected in nature; the average year temperature is 22.7 C.
The experimental results for wing length and thorax length arc compatible with the models of de Jong ( 1989 Jong ( , 1990 : she states that selection on the slope of reaction norms will prevail when organisms are exposed to widely different environments. Ample variation in the environment will result in parallel reaction norms. In contrast, when a V,-function displays a minimum, this minimum will lie near the most prevalent environmental value of the natural population. Selection on the trait will be strongest in this environment.
The total picture obtained from the experimental data in this paper is of a Tanzania population adapted to a more constant environmental temperature, and of a France population adapted to a variable temperature. In conclusion, it can be stated that the presence of genetic variation in slopes of reaction norms quite likely reflects the absence of selection on these slopes, and therefore of genetic variablility in phenotypic plasticity.
